THE DISCOVERY OF DEFECTIVE PHAGOCYTOSIS, BLOOD-BRAIN BARRIER MONOCYTE MIGRATION, AND ABNORMAL INFLAMMATORY ACTIVATION OF ALZHEIMER'S DISEASE PATIENTS' MACROPHAGES {#sec0005}
==================================================================================================================================================================

We began an experimental study of Alzheimer's disease (AD) immunopathology in 1998 focusing on similar immunopathology in HIV-1 encephalitis and AD, and on the physiology of monocyte migration across a human blood-brain barrier (BBB) model \[[@ref001]\]. Microscopic features showed opening of gaps between endothelial cells and increasing monocyte transmigration fomented by cytokines and chemokines stimulated by Aβ in mononuclear cells in a snowball fashion. In this model, up to 12.6% monocytes transmigrated from the blood into the brain chamber in 24 h. Thus, given the cerebral blood flow of 750 ml per minute (approximately 1.5 billion monocytes per minute), 2,160 billion monocytes per 24 h are expected to transmigrate into the brain under the "Alzheimer-like" conditions of the model (clearly an overstatement *in vivo*). Even a fraction of this number would be sufficient to affect every neuron of the 100 billion neurons in the brain given the homing of monocytes on amyloid-β (Aβ) in the neurons \[[@ref002]\]. However, chemokine induction by Aβ was heterogeneous between patients mirroring the heterogeneity observed in subsequent studies of patients and controls.

We hypothesized that macrophages, and possibly neutrophils, have opposite functions: 1) beneficial phagocytosis of Aβ, and 2) toxic inflammation, which are in imbalance in AD patients due to either very high (Group II patients) or very low (Group I patients) inflammatory activation \[[@ref003]\]. In 2005, we observed that AD patients' macrophages are defective in Aβ phagocytosis ([Fig. 1](#jad-62-jad170579-g001){ref-type="fig"}) and neutrophils overexpress HLA DR and COX-2 \[[@ref004]\]. The relevant studies of macrophage phagocytic dysfunction and inflammatory activation by Aβ earned the Fiala laboratory the 2008 Alzheimer Award from the *Journal of Alzheimer Disease*. Macrophage dysfunction and abnormal (too high or too low) inflammatory status have been a consistent finding in almost all AD and mild cognitive impairment (MCI) patients in comparison to controls. In 2009, we developed and successfully tested in AD diagnosis a flow cytometric test based on defective Aβ phagocytosis that separates mild MCI and AD patients from age-matched control subjects with a high cognitive function (i.e., University professors \[[@ref005]\]).

![Vigorous phagocytosis of FITC-Aβ (green) by control macrophages (red) (A,B) but no phagocytosis or only surface binding without phagocytosis by AD macrophages (C,D) (from Fiala et al. \[[@ref002]\]).](jad-62-jad170579-g001){#jad-62-jad170579-g001}

N-LINKED GLYCOSYLATION DEFECT IN PERIPHERAL BLOOD MONONUCLEAR CELLS {#sec0010}
===================================================================

An important insight into the biochemical mechanism of AD immunopathology was the discovery that the AD patients' macrophages have a defect in Aβ phagocytosis ([Fig. 2](#jad-62-jad170579-g002){ref-type="fig"}), which is related to transcriptional down regulation of the enzyme Mannosyl (β1,4-)-Glycoprotein β-1,4-N-Acetylglucosaminyltransferase (MGAT-III). Contrariwise, control macrophages are effective in phagocytosis and resist Aβ-induced apoptosis \[[@ref002]\]. In our recent work on endoplasmic reticulum (ER) stress, we show that omega-3 fatty acids (*ω*-3) improve unfolded protein response (UPR) including the glycosyltransferase EXTL3 \[[@ref006]\].

![Uploading of Aβ (red) from AD brain tissue after incubation for 2 days and 4 days with normal and AD monocytes (green). Note that normal monocytes bind to neurons and up load Aβ ((become golden); AD monocytes also bind to neurons but up load Aβ poorly and shrivel into apoptosis (from Fiala et al. \[[@ref002]\]).](jad-62-jad170579-g002){#jad-62-jad170579-g002}

MODULATION OF INNATE IMMUNITY IN AD AND MCI PATIENTS BY NATURAL SUBSTANCES {#sec0015}
==========================================================================

Since 2009, we have been testing natural substances improving Aβ phagocytosis in AD patients: 1,25 (OH)-vitamin D3, curcuminoids, and the *ω*-3, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) \[[@ref007]\]. Armed with positive *in vitro* results, we did observation studies of MCI patients taking nutritional supplements with fish-derived *ω*-3 in combination with anti-oxidants, vitamin D3, and resveratrol (the Smartfish drink, Smartfish, Oslo, Norway). We noted robust immune improvement in macrophage function, and in some patients, in particular in the APOE *ɛ*3/*ɛ*3 genotype patients, cognitive benefits \[[@ref005]\]. We have not performed randomized, placebo-controlled, double blind studies, thus the cognitive benefits of supplementation by the Smartfish drink are anecdotal but of importance as a personalized medicine. The immune benefits of *ω*-3 have a solid evidence in our studies (see below).

IMMUNOPATHOLOGY OF AD {#sec0020}
=====================

In the early 2000 s, we examined the AD brain by immunochemistry and immunofluorescence and showed demonstrable monocyte, and weak neutrophil and CD8 T cell, transmigration across the BBB at the vessel wall; monocyte/macrophages invasion of neurons and Aβ plaques; and uploading of Aβ by macrophages \[[@ref012]\]. The results suggested a hypothesis that Aβ-induced chemokines attract monocytes \[[@ref001]\] to invade the brain neuropil by disrupting tight junctions between endothelial cells in BBB. In the neuropil, macrophages are attracted by neuronal and astrocytic chemokines to the plaques and neurons, upload but are unable to degrade Aβ, and migrate to the vessel wall in congophilic vessels \[[@ref013]\]. Our investigation in a model of BBB constructed with human endothelial cells and astrocytes suggested that 'fat macrophages" with Aβ are stopped from emigration across BBB endothelia, die of apoptosis, and download Aβ into congophilic vessels \[[@ref012]\].

Some neuropathologists consider the brain cells phagocytic for Aβ according to their putative origin and certain surface markers as brain microglia or blood-borne macrophages with a possibility that both are present \[[@ref014]\]. We support our impression of the dominant role of monocyte/macrophage migration into the AD brain by monocyte/macrophage migration into HIV-1 encephalitis brain and visible CD68-positive macrophage transmigration in the AD brain \[[@ref012]\].

Microglia have multiple functions depending upon their activation state, which are alternatively beneficial or harmful \[[@ref015]\]. Microglia through chemokines alert the peripheral innate immune system cells, monocyte/macrophages, of the danger to the brain, such as viruses (HIV-1, herpes simplex, and cytomegalovirus), and the pathogenic molecules Aβ and P-tau. Chemokines attract monocyte/macrophages, CD8 T cells, and neutrophils for migration into the brain, as documented in HIV-1 encephalitis \[[@ref016]\]. In AD patients, activated neutrophils expressing HLA-DR and COX-2 are present in the brain \[[@ref004]\].

J. Nicoll's laboratory investigated the brain of AD patients treated by Aβ vaccine immunization and showed co-localization of microglial markers HLA-DR, CD68, and the macrophage scavenger receptor A (MSR-A) around Aβ plaques. The brain of immunized patients showed low plaque burden, Aβ in microglia, and resolution of tau-containing dystrophic neurites, but persistent amyloid angiopathy \[[@ref017]\]. In addition, the results suggested that microglial lba-1 antigen was negatively associated with AD-type pathology. Conversely, macrophage proteins CD68 and MSR-A were positively associated with AD--type pathology and impaired cognitive function \[[@ref019]\]. These results may be related to the inability of AD patients' "fat" macrophages to emigrate from the brain and failure of Aβ degradation \[[@ref013]\].

Although the investigations in a mouse model also suggested that blood-borne monocyte penetrate BBB \[[@ref020]\], the mode of macrophage entrance into the neuropil and relative roles of microglia and macrophages remain controversial in the mind of many investigators. We have reviewed this important topic that has increasing attention \[[@ref021]\]. Current emphasis is on imaging studies, which have low sensitivity in detecting macrophage/microglia activation, thus immunochemical investigation of the vessels in AD brain remains an important objective.

PHYSIOLOGY AND PATHOPHYSIOLOGY OF AB CLEARANCE {#sec0025}
==============================================

The physiology and pathophysiology of Aβ transport across BBB have been examined in mouse model systems. The transvascular brain-to-blood transport across the BBB clears most of Aβ from brain, whereas the interstitial fluid bulk flow along perivascular spaces removes the remaining fraction of --15% of Aβ \[[@ref022]\]. Future therapeutic studies may address the utility of modulation of the physiological transport in AD and MCI patients. Recent elucidation of the glymphatic system role in clearance of interstitial waste products driven by arterial pulsation revealed a physiological mechanism for clearance of soluble Aβ during sleep \[[@ref023]\], which strengthens the importance of a healthy sleep in brain homeostasis.

IMMUNOPATHOLOGY OF Aβ CLEARANCE IN AD BRAIN {#sec0030}
===========================================

The role of Aβ immune clearance has been extensively investigated in the genetically-uniform mouse models overexpressing the amyloid-β protein precursor (AβPP) with pathogenic mutations. However, these models do not express the human immune system of AD patients with defects in phagocytosis and their responses differ from human immune responses \[[@ref024]\]. The models show the beneficial clearance either by microglia or toxic inflammation from Aβ \[[@ref025]\] without clarifying the complex balance between phagocytosis and inflammation. Bexarotene and other retinoid X receptor agonists improve transport of Aβ from the brain in animal models (presumably by increasing APOE), but have not been clinically successful (as reported by J. Cummings from Lou Ruvo Center in Las Vegas).

We have investigated the immunopathology of the clearance of Aβ by monocyte/macrophages derived from peripheral blood mononuclear cells (PBMCs) in AD and MCI patients. We established that, contrary to the expectation from model systems, inflammatory activation of PBMCs in AD patients is divergent: the group II has inflammatory and the group I has non-inflammatory transcriptional responses \[[@ref009]\]. The cell-mediated transport and degradation of Aβ by monocytes or microglia appear to be central to the clearance of insoluble Aβ in the AD brain \[[@ref013]\]. Peripheral monocyte/macrophages appear to reflect the genuine AD immunopathology, as they have the phagocytic defect characteristic of AD (see above). For their janitorial function in the brain, macrophages have a vast armamentarium of responses, including inflammatory cytokines, chemokines, degradative enzymes, receptors, and growth factors. Our approach with *ω*-3 supplementation has been successful *in vivo* to modulate macrophage phenotype from M1 inflammatory to an intermediate phenotype M1-M2 with optimal phagocytic function \[[@ref011]\].

CURCUMINOIDS, VITAMIN D3, AND *ω*-3 FATTY ACIDS INCREASE Aβ PHAGOCYTOSIS BY MACROPHAGES OF AD PATIENTS {#sec0035}
======================================================================================================

To increase Aβ clearance, we have investigated natural substances that increase phagocytosis of Aβ *in vitro* and may have transcriptional effects on N-acetyl glucosaminyltransferase (a.k.a. *MGAT-3*) important for N-linked glycosylation. Our early studies in 2009--2012 involved curcumin and vitamin D3; the studies since 2013 involve *ω*-3 fatty acids and specialized pro-resolving mediators resolvins and maresins \[[@ref027]\]. We are studying the combinations of curcuminoids, vitamin D3, with *ω*-3 fatty acids to identify any subgroups of patients specifically benefitting from these substances in combination.

Role of curcuminoids {#sec0040}
--------------------

In a study of 20 AD patients and 20 controls, we identified two groups, Type 1 with low *MGAT-3* transcription, and Type 2 with high *MGAT-3* transcription. Importantly, curcumin improved Aβ phagocytosis only in Type 1 patients, but not in Type 2 patients. Type 1 patients had worse prognosis than Type 2 patients \[[@ref028]\].

Role of vitamin D3 {#sec0045}
------------------

In the same study \[[@ref028]\], vitamin D3 improved Aβ phagocytosis in both Type 1 and Type 2 patients. 1alpha,25-dihydroxyvitamin D3 (1,25D3) interacted with curcuminoids to stimulate Aβ clearance by macrophages \[[@ref007]\]. Thus, 1,25D3 is indicated for all AD patients. 1,25D3 promotes phagocytosis by genomic and non-genomic signaling \[[@ref008]\]. The action of 1,25 D3 requires vitamin D nuclear receptor and the protein disulfide isomerase receptor.

Role of *ω*-3 fatty acids and specialized pro-resolving mediators {#sec0050}
-----------------------------------------------------------------

The anti-inflammatory and pro-resolving SPMs include resolvins, protectins, and maresins derived *in vivo* by transcellular synthesis from *ω*-3 fatty acids. SPMs have powerful effects in various model systems \[[@ref029]\]. Resolvin D1 binds the chemokine receptor GFPR32. We observed that both 1,25D3 and resolvin D1 (RvD1) retune the balance between Aβ phagocytosis and inflammation and have synergistic activities \[[@ref009]\] ([Fig. 3](#jad-62-jad170579-g003){ref-type="fig"}).

![1,25D3 and RvD1 treatments recover FAM-Aβ (green) phagocytosis by macrophages of AD1- to AD5 patients. Control subject's macrophages phagocytize Aβ without any treatment.](jad-62-jad170579-g003){#jad-62-jad170579-g003}

Mechanisms of 1,25 D3 and curcumin improving Aβ phagocytosis {#sec0055}
------------------------------------------------------------

In Type 1 patients, both ligands potentiate 4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS)-sensitive chloride channel ClC3 and calcium signaling and both support phagocytosis, whereas in Type 2 patients only 1,25D3 is effective \[[@ref008]\].

Mechanisms of *ω*-3 and specialized pro-resolving mediators in the brain {#sec0060}
------------------------------------------------------------------------

DHA attenuates Aβ secretion in cytokine-stressed human neural cells, an effect accompanied by the formation of NPD1 \[[@ref030]\]. NPD1 is one of the SPMs with beneficial immune effects in inflammatory and degenerative conditions \[[@ref029]\]. Interestingly, another mediator LXA4 had reduced concentration in the AD cerebrospinal fluid (CSF) and hippocampus. LXA4 and RvD1 levels in CSF correlated with Mini-Mental State Examination (MMSE) scores. \[[@ref031]\]. Supplementation with AT-RvD1 prevented memory loss in an animal model of post-surgical cognitive decline \[[@ref032]\]. The effects of *ω*-3 in the brain are complex \[[@ref033]\] involving effects on membrane fluidity and modification of membrane rafts, thus affecting cell signaling \[[@ref034]\]. A relationship exists between the *ω*-3 erythrocyte concentration and higher regional perfusion on the brain SPECT \[[@ref035]\].

CONTROVERSIES REGARDING *ω*-3 EFFECTS: QUALITY OF THE SUPPLEMENT {#sec0065}
================================================================

Anti-inflammatory health benefits of *ω*-3 have been recognized since epidemiological studies showed cardiovascular benefits of traditional fish diets in natives in Greenland, Alaska, and Japan. Clinical studies have shown benefits of *ω*-3 supplementation in rheumatoid arthritis, asthma, and ulcerative colitis \[[@ref036]\]. However, recent epidemiological studies of aging populations have not shown that *ω*-3 supplementation prevents cognitive decline and brain atrophy. A study of 295 mild to moderate AD patients randomized to algal DHA or placebo did not show slowing of cognitive and functional decline by DHA \[[@ref037]\]. A recent study of 1,680 elderly subjects with memory complaints included multiple sites with a randomized controlled design involving multicomponent intervention with polyunsaturated fatty acids and lifestyle changes \[[@ref038]\]. The participants took two capsules of either placebo or 400 mg DHA and no more than 112.5 mg EPA. Despite these interventions, no significant effects on cognitive decline were observed in any arm of this study over 3 years. The report, however, did not show the quality of the *ω*-3 supplement. It is clear that not all *ω*-3 products on the market are equal. It has been reported that 50% of the products exceed the voluntary recommended levels for markers of oxidation \[[@ref039]\]. Furthermore, the elderly patients in the study were not diagnosed with MCI.

In our experience, high quality fish oil used in Smartfish drink protected by antioxidants has superior effects *in vitro* on Aβ phagocytosis in comparison to generic fish oil. Thus, the negative effects of supplementation in some clinical studies could be related to the use of fish oil without antioxidant protection. We observe that the immune and cognitive results of *ω*-3 supplementation are dependent on the APOE genotype, stage of the disease, and poorly understood individual factors, including immunosuppressive conditions, infections, surgeries, and lifestyle, all of which typical clinical trials do not evaluate. The immune and cognitive results do not show a linear improvement or a linear decline but include up and down turns. Therefore, the question "why are *ω*-3 not working in clinical trials" may be related to the quality of the supplement, selection of patients, neuropsychological testing, and medical and neurological histories. We have recently reviewed the effects of *ω*-3 in the AD brain and the immune system \[[@ref021]\].

CONTROVERSIES REGARDING *ω*-3 EFFECTS: PATIENT SELECTION AND NEUROPSYCHOLOGICAL TESTING {#sec0070}
=======================================================================================

A randomized, double-blind, placebo-controlled trial showed that in a subgroup with very mild cognitive dysfunction (MMSE \>27 points), MMSE decline rate was reduced in the *ω*-3 fatty acid-treated group compared with the placebo group \[[@ref040]\]. Two studies, however, recently reported negative effects of *ω*-3 despite treatment-induced increases in DHA levels in the CSF in the Alzheimer's Disease Cooperative Study (ADCS) \[[@ref037]\], and increased DHA levels in erythrocytes in the Multidomain Alzheimer Preventive Trial (MAPT) \[[@ref038]\].

The ADCS used supplementation by algal DHA. The study size was calculated to detect a 33% difference in the rate of decline of the Alzheimer's Disease Assessment Scale-Cognitive subscale (ADAS-Cog). ADAS-Cog has traditionally been the standard primary outcome measure for AD trials, with the assumption that a 4-point change at 6 months is clinically meaningful. A concern with ADAS-Cog is that it may not detect clinically important effects, which is one of the reasons why most clinical trials use several other indicators of clinical progression. For instance, a drop in ADAS-Cog score did not correlate well with other estimates of clinical decline in a study using open-label donepezil \[[@ref041]\]. Another potential criticism, inherently applicable to most AD trials, is the practice of lumping all patients together without regard to specific biomarkers, including presence of cerebral amyloid angiopathy as an entry criterion and APOE genotype. Although the ADCS investigators were mindful of biomarkers such as MRI volumetrics, they did not measure other surrogates of therapeutic response, such as changes in CSF and blood amyloid concentration or CSF tau. Interestingly, non-APOE *ɛ*4 allele carriers in the ADCS trial treated with DHA had significantly lower ADAS-Cog and MMSE decline as compared to placebo (ADAS-Cog: 6.23 versus 10.11 points, *p* = 0.03; MMSE: --3.36 versus --5.12, *p* = 0.03). Finally, although the study was designed with an attrition rate of 20%, 28% of DHA-treated patients and 24% of placebo-treated controls dropped out of the study.

Although MAPT used fish-derived *ω*-3, its results are difficult to contextualize, as the enrolled population was heterogeneous with vague criteria, and its primary efficacy outcome was rather unusual. The studied population was elderly persons with "spontaneous" memory complains, limitation in one instrumental activity of daily living, or "slow gait speed". The differential diagnosis of such constellation of symptoms is vast. For instance, only 72 of 1,680 patients had amyloid PET scan; of these, 56 had a negative scan, indicating that a substantial number of enrolled subjects did not have AD. Similarly, only 304 subjects had APOE genotyping. The primary outcome measure was a change in a composite Z-score of 4 cognitive tests: Free and total recall from the Free and Cued Selective Reminding Test, some MMSE orientation items, the Digit Symbol Substitution Test score from the Wechsler Adult Intelligence Scale--- Revised, and the Category Naming Test, a 2-min category fluency test naming animals. Not many studies use this particular outcome measure, and its clinical relevance is unknown.

Ideally, a clinical trial should enroll individuals with very similar clinical and genetic (APOE) characteristics and a strong characterization of the underlying disease process related to the Aβ brain amyloidosis. In addition, it is unlikely that a single intervention will yield a particular therapeutic effect in a disease process as complicated as AD. These imperatives require testing a large patient sample in a randomized, double-blind, placebo controlled study.

In our small pilot studies, we have defined the outcome by immunological and molecular tests not included in large studies. Given the epidemiological and *in vitro* evidence of health benefits by *ω*-3 and 1,25D3, we have tested in MCI patients *in vivo* and in PBMCs *in vitro* the effects *ω*-3 supplementation by a drink with fish *ω*-3, antioxidants, vitamin D3, and resveratrol called Smartfish-RES (Smartfish, Oslo, Norway) \[[@ref010]\]. *In vivo*, *ω*-3 supplementation increased macrophage phagocytosis and regulated mRNA transcription of inflammatory genes toward the physiological state in the "Goldilocks zone": in a non-inflammatory group, it increased the transcription, whereas in the inflammatory group, it decreased the transcription \[[@ref010]\]. In a follow-up study, *ω*-3 modulated the macrophage phenotype into the intermediate M1M2 phenotype and increased the MMSE rate of change in the APOE *ɛ*3/*ɛ*3 group by 2.2 points per year \[[@ref011]\]. Recently, we have shown that a mechanism of *ω*-3 immune effects involves an increase of appropriate UPR response to ER stress in macrophages \[[@ref006]\].

CONCLUSIONS {#sec0075}
===========

The Aβ hypothesis, which has been a productive hypothesis for AD therapy, has been at the center of a controversy in view of the lack of efficacy of Aβ antibodies on cognitive state despite clearance of Aβ. Although the *in vitro* effects of *ω*-3 have not yet been translated into a successful therapy *in vivo*, nutritional supplementation by *ω*-3 was associated with a recovery of innate immunity with parallel cognitive stabilization in some patients, in particular those with the APOE *ɛ*3/*ɛ*3 genotype. Therefore, future clinical trials of immune therapies should include detailed immunologic and molecular studies to identify the best therapy for each patient.
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